Accurate and up-to-date peak demand data is essential to ensure that future mains water supply networks reflect current usage patterns and are designed efficiently from an engineering, environmental and economic perspective. The aim of this paper was to identify the water end-uses which drive peak day demand and to examine their associated hourly diurnal demand patterns based on over 18 months of water consumption data obtained from high resolution smart meters installed in 230 residential properties across south east Queensland, Australia. Peak Day (PD) to Average Day (AD) ratios between 1-1.5 were driven by both external and internal end-uses. However, as the PD:AD ratio increased above 1.5, demand was driven largely by external water usage (i.e. lawn and garden irrigation).. Peak hour ratios (i.e. PHPD:PHAD) ranged from 1.3 to 3.0 for the four peak demand days. At the end-use level, the individual end-use category PHPD:PHAD ratios were in the range of 0.7 -3.3 for all end-uses, with the exception of external or irrigation. The ratio for this latter end-use category was typically very high, at over 10 times the average irrigation demand.
Introduction Urban water planning and design
A reticulated water supply is considered one of the most significant infrastructure assets in a community (Savic and Walters 1997) , and as such, the optimal planning and design of this infrastructure is critical. It has been recognised that urban network planning needs to be more optimised (Lucas et al. 2010) , and in this regard, understanding the patterns of residential water demand is paramount. Residential water consumption patterns typically vary on both a daily basis, where an average day peak hour demand will occur, and on an annual basis, where a peak day demand will occur. Moreover, there is an annual peak hour demand that can be many multiples of the average day peak hour consumption. Previous research demonstrates that variations in consumption are mainly driven by climate (rainfall and temperature), household demand, consumer behaviour, household stock water efficiency and 
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). Peaking factors are calculated from the average and peak day demand values including the peak day factor which is the ratio of peak day demand/average day demand (PD/AD). A range of peaking factors reported in the literature, is presented in Table 1 .
Understanding peaking factors are critical in determining the pipe infrastructure that is sufficient to deliver water during peak water demand periods. Numerous models and Additionally, these new developments commonly adopt alternative water sources such as rainwater tanks (Lucas et al. 2010 , Willis et al. 2011a ). Therefore, on balance, water consumption parameters (volume and frequency of use) today are likely to be considerably different to 20, 10 or even 5 years ago due to the presence of technology designed to reduce mains water flow. Accurate and up-to-date peak demand data is therefore essential to ensure that future mains water supply (and sewerage) networks reflect current usage patterns and are designed efficiently from an engineering, environmental and economic perspective.
Using disaggregated water consumption data to identify peak demand
Water end-use studies (also known as water micro-component studies) provide a fundamental basis for evaluating the effectiveness of a range of water demand management strategies.
End-use studies also inform water demand modelling forecasts which underpin all water service infrastructure modelling and reticulation plans (Jacobs, Drawing from the identified research gaps and the clear need for a greater understanding of peak flows in new developments, the objectives of this study are to:
1. identify the water end-uses which drive peak demand using measured water end-use data;.
2. determine the peak day diurnal demand patterns at an end-use level of resolution;
3. determine the relative frequency of peaking factors over the study period of measurement;
4. determine ratios of peak to average day demand, and average day peak hour with peak day peak hour demand and compare with ratios reported in the literature; and 5. provide recommendations on how high resolution smart water metering and end-use studies can enable improved future urban water infrastructure planning.
Methodology
The data for the current study was generated from the South East Queensland Residential End-use Study (SEQREUS) located in the south eastern corner of Queensland, Australia (Beal and Stewart 2011). The methodological approach used to obtain the data for this paper is shown in Fig. 1 . Fig. 1 . Process used for obtaining water end-use data on selected peak demand days.
Study sample characteristics
A total of 230 households were used in this study, providing a good representation of SEQ households with a varying range of household occupancies, family composition and household income categories ( Table 2 ). The rainfall and temperature data for the three periods of measurement are provided in Table 3 . Of note, the summer 2010-11 recorded above average rainfall with widespread flooding throughout SEQ. This substantially reduced the need for irrigation over the summer period, and also resulted in a considerable number of the data loggers malfunctioning, due to water ingress. 
Disaggregating total flow into individual end-uses
The SEQREUS, on which the data for this paper is based, used a mixed method, advanced water end-use measurement approach to capture and analyse water use data (Fig. 2) . Full details of the methods used to undertake these measurements is provided in Beal and Stewart (2011), however a short summary is provided here.
Upon completion of recruitment, standard council residential water meters were replaced with modified Actaris CTS-5 water meters. These 'smart' meters measure flow to a resolution of 72 pulses/L or a pulse every 0.014 L. The smart meters were connected to Aegis Data Cell series R-CZ21002 data loggers. The loggers were programmed to record pulse counts at five second intervals. This data was wirelessly transferred to a central computer, via email, and stored in a database for subsequent analysis . This is likely to be higher for single event identification, identification of automated appliances such as clothes washers and dishwashers, and also when using a high resolution smart meter such as those employed in the current study (Mayer et al. 1999 (Mayer et al. , 2006 
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In the current study, we have included two further steps to the normal process to further improve flow trace analysis accuracy, including a detailed water audit of household water use behaviours and water use stock efficiency as well as asking them to complete a water use diary for a week period. Both of these extra measures ensure that the analyst using the flow trace software will be able to establish robust categorisation templates and could understand user behaviours (e.g. use bath in the evening). The event flow signature and this understanding of each homes water use behaviours enabled accurate end-use disaggregation in this study.
Identification of end-uses is informed not only by the high resolution trace flows, but also the specific knowledge of each household's fixtures and appliances. Thus, concomitantly with meter and logger installation, a water fixture/appliance stock survey was conducted at each participating home in order to investigate how householders interact with such stock (Fig. 2) .
By completing the stock survey, the householder provided information on the number and degree of water-efficient appliances and the typical water consumption behaviours of the householders. As discussed, this facilitated the disaggregation of trace flows from each home and also provided a valuable snapshot of the daily water consumption habits within each home.
The limitations of the software relate to the ability to discern multiple simultaneous events and low flow external consumption. These limitation can be substantially minimised by high resolution meters, experienced analysts and a comprehensive understanding of the water use stock, and habits / behaviours of the participants involved. All these factors were considered in the experimental design phase and implemented in the establishment phase of the SEQREUS project. Further discussion on the research methods is provided in Beal and Stewart (2011).
Diurnal pattern generation and peak demand ratios
Using the SEQREUS database, a complete timeline of average daily total water consumption was sourced from 567 days of continuous logging from up to 230 homes per day, equating to over 93,000 measured data points. From this, peak demand days could be clearly seen over the timeline with four being selected for further detailed examination. The four peak days were selected as they included both week and weekend days and occurred during 'business as usual' and holiday (e.g. Christmas / summer holidays) periods.
AD demand was calculated by averaging the consumption from 230 homes over the 18 month measurement period. AD diurnal demand patterns, at an end-use level, were generated using a software application specifically developed for this study. The software package is a basic windows executable file (.exe) that gathers the start and completion time of each characterised end-use event from all of the respective end-use database files, and assigns the events to the respective hourly time-of-use interval (e.g. 11.00 to 12.00 am). After accumulation of the water used by each end-use in each respective hourly period of the day, the program divides by the number of days in the study period, as well as the number of people or households in the sample size depending on unit of analysis requirements. For this paper, the units were in average litres per person per hour per day (L/p/h/d). Diurnal water end-use patterns were generated from consumption data for a number of average and peak day periods.
Results and Discussion
Water end-use breakdown of peak day demand
The timeline of daily total household water consumption (L/hh/d), recorded from all functioning data loggers, is presented as a combined SEQ average (Fig. 3) . The Insets (a) to (d) presented in Fig. 3 provide per capita water end-use breakdowns (L/p/d) for a 24 hour period for four days of above average water consumption: Thursday, 30/12/2010 (Fig. 3a) ,
Friday, 07/01/11 (Fig. 3b) , Sunday, 10/04/2011 (Fig. 3c) , and Saturday, 02/07/11 (Fig. 3d) .
Also shown are reproductions of the winter 2010 (Fig. 3e) , summer 2010-11 (Fig. 3f ) and winter 2011 (Fig. 3g ) end-use pie charts (Beal and Stewart 2011). Inclusion of these pie charts offer 'baseline' datasets for comparison with the end-use breakdowns from peak demand days. Note that the pie charts and diurnal usage patterns for the peak demand days are generated from a smaller, random sample size (n = 25). This smaller sample size is due to the human resource requirements to undertake the Trace Wizard® analysis which generates end-use breakdowns. As such, the pie charts and diurnal usage patterns have been included to provide an indication or snapshot only of the type of end-use activities that typically contribute to peak hour and peak day demand.
The end-use consumption data for selected peak days are presented in the pie charts shown in Insets (a), (b) and (c) of Fig. 3 . For comparison, the baseline data from the three SEQREUS reads, are shown in Fig. 3e-3g . Peak day water consumption is clearly higher than baseline consumption for shower (SHOW), clothes washer (CW), toilet (TOIL) and external (EX) (Fig   3a-3d) . For the indoor uses of shower, clothes washer and toilet, average peak volumes are 23%, 96% and 49% greater than the baseline, respectively. For external end-uses, which are assumed to be primarily irrigation and high tap use, there is considerable variation between (Fig. 3a-d ). The uniform, twin peak periods occurring in the morning and 9 afternoon which are typically seen in average day demand diurnal patterns ( Fig. 3e) are not so 10 evident for the four peak day demand diurnal patterns shown in Fig. 3a-d events are more likely to primarily drive peak hour demand, relative to the overall peak day 17 demand. Whereas peak day demand may be influenced by both indoor and outdoor end-uses.
18
For example, high shower and clothes washer usage dominated total household consumption 19 as shown in the 30/12/10 and 07/01/11 pie and diurnal charts (Fig. 3a,b) . Others have also respectively).
47

Peak day factors
49
A breakdown of average daily total water consumption showing the peaking factor trend for 50 the combined SEQ sample is shown in Fig. 5 . The four peak demand days selected had 51 increasing peak day factors of 1.3, 1.5, 1.6 and 1.7 (Fig. 5) . Generally, the proportion of There is wide acknowledgement of the need to adapt to, as well as mitigate for, climate Indeed, the data presented in this paper demonstrates that peak demand times were not 136 restricted to summer months, but instead they occurred throughout the year, in the drier 137 months of April and July.
Future trends in peak demand
141
There exists a strong possibility in Queensland, and indeed elsewhere in Australia, that a 142 downward trend in future peak demand will be observed. Factors influencing this downward 143 trend include the introduction of resource-efficient planning initiatives, the penetration of 144 water efficient or alternative water supply technology, and changes in consumer behaviour ..
146
The introduction of resource-efficient planning initiatives such as water conservation and 
Conclusions
191
The aim of this study was to determine peak hourly and daily demand for a range of water were observed to be driven by clothes washer and shower use, as well as external use.
198
However, peak hour demand was primarily driven by external water usage.
200
Overall, peaking factors were lower than those being used in current local planning Mayer, P., DeOreo, W., Opitz, E., Kiefer, J., Davis, W., Dziegielewski, B., and Nelson, J. 
